Introduction
Ras homolog gene (Rho) family proteins are reported to be associated with axon development and apoptotic neuronal cell death. Among Rho family proteins Ras-related C3 botulinum toxin substrate 1 (Rac1) and cell division cycle 42 (Cdc42) are known to promote neurite extension and inhibit apoptosis. Suppression of Rac1 and Cdc42 causes neuronal cell death (Bazenet et al., 1998; Jeong et al., 2002; Tanabe et al., 2003; Tomasevic et al., 2007) . On the other hand, Ras homolog gene family member A (RhoA) promotes neuritic retraction and the disappearance of growth cones, followed by neuronal apoptotic cell death. A Rho-associated coiled coil-forming protein kinase (ROCK), one of the key effectors of RhoA, is also shown to be involved in stress fiber assembly, cell contraction, and apoptosis (Negishi and Katou, 2002; Kobayashi et al., 2004; Zhang et al., 2007) . Our recent study demonstrated that a low concentration of MeHg downregulated the expression of Rac1, without changing RhoA expression, and lead to axonal degeneration and apoptosis in cultured cerebrocortical neurons (Fujimura et al., 2009a) . The involvement of Rho family proteins in MeHg-induced neuritic degeneration and apoptotic cell death prompted us to examine whether other toxicants induce changes in the expression of Rho family proteins and consequently result in neuritic degeneration and neuronal cell death.
In this study, we examined the expression of Rho family proteins and pathological changes to cerebrocortical neurons treated with 1 of 5 toxicants, including inorganic mercury (IHg), lead (Pb), amyloid-β peptide (Aβ), rotenone (RTN), and methylmercury (MeHg) as a positive control. MeHg has been identified as a causative agent for Minamata disease in Japan (Takeuchi, 1982) . Compared with MeHg, the effects of IHg on neuronal cells is little known, although some reports have demonstrated that IHg alters neurotransmission (Pekel et al., 1993; Györi et al., 1994; Palkiewicz et al., 1994; Szucs et al., 1997) . Pb is known to damage nervous connections and cause blood and brain disorders (Toscano and Guilarte, 2005) . Loss of neuronal myelin sheaths and neurons, interference with neurotransmission, and disturbance of neuronal growth have been reported in Pb-poisoned animal models and humans (Harry et al., 1985; Windebank, 1986; Brubaker et al., 2009 ). On the other hand, Aβ, a causative agent in the development of Alzheimer's disease, directly interferes with synapses, decreases neuronal activity, and subsequently induces neuronal cell death (Selkoe, 1989; Koffie et al., 2009) . Lastly, rotenone is known to interfere with the electron transport chain in mitochondria and cause Parkinson's disease-like symptoms in rats (Gao et al., 2003; Caboni et al., 2004) .
Here, we demonstrate the differential effects of these 5 toxicants on cultured rat cerebrocortical neurons. The Pb or Aβ-induced neurotoxic mechanism was different than that observed with MeHg, IHg, or RTN exposure. Differential expression of Rho family proteins, associated with neurotoxicity, was observed with these 5 toxicants.
Effects of treatment with the ROCK inhibitor and siRNAs targeting Rho proteins suggest that Rho family proteins are involved in MeHg-, IHg-, and RTN-induced neuritic degeneration and neuronal apoptosis.
Materials and methods

Cell culture and treatment with compounds
A primary culture of rat cerebrocortical neurons was prepared as previously described (Fujimura et al., 2009a; Fujimura et al., 2011) . The cells were cultured in poly-(L-lysine)-coated 96-well plates (Sumitomo Bakelite, Tokyo, Japan) for measurement of cell viability and enzyme-linked immunosorbent assays (ELISA). The cells were cultured in 24-well format discs (Sumitomo Bakelite) for immunocytochemistry, and in 6-well plates (Sumitomo Bakelite) for western blot analysis. The growth of glial cells was <0.5% of the original level in our culture conditions. Cells were exposed to MeHg chloride (Tokyo Kasei, Tokyo, Japan), IHg chloride (Wako Pure Chemical, Osaka, Japan), Pb chloride (Wako Pure Chemical), Aβ 1-40 peptide (Ana Spec, San Jose, USA), or RTN (Enzo Life Sciences International Inc., Plymouth meeting, USA) after they had been cultured for 7 days. For the ROCK inhibitor study, Y-27632 (Calbiochem, Darmstadt, Germany) was applied along with the toxic compounds. All of the compounds were dissolved in sterilized water. All experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals, issued by the National Institute for Minamata Disease.
Cell viability assay
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ium, inner salt) (MTS), which is a substrate for intracellular dehydrogenases. We confirmed that all of 5 toxicants did not directly interfere with the assay (data not shown). Values are shown as means ± SEM of 6 separate wells.
Immunocytochemistry
Immunocytochemical analyses for tau, microtubule-associated protein 2 (MAP2) and deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) were performed as described previously (Fujimura et al., 2009a; Fujimura et al., 2011) .
Enzyme-linked immunosorbent assay
An enzyme-linked immunosorbent assay (ELISA) to measure tau or MAP2 protein was performed as described previously (Fujimura et al., 2009a; Fujimura et al., 2011) .
We employed a mouse monoclonal antibody to detect both phosphorylated and shown as mean ± SEM of 6 separate wells.
Western blotting and immunoprecipitation analysis for Rho family proteins
Western blot analyses for Rac1, Cdc42, and RhoA were performed as described previously (Fujimura et al., 2009a 
Statistical analysis
Statistical significance of the data was determined as follows: the Dunnett method after a one-way ANOVA for multiple comparisons and the Student's t test for the comparison of 2 groups. The data were expressed as the mean ± SEM.
Results
Effect of the 5 toxicants examined on cell viability of cultured cerebrocortical neurons
The viability of rat cerebrocortical neurons was evaluated 1 and 3 days after exposure to 10 nM-10 µM concentrations of 1 of 5 toxicants using an MTS assay ( Fig.   1 ). The concentration responsible for 30% loss of viability (EC30) values 3 days after exposure were approximately 100 nM for MeHg, IHg, and RTN, and 10 µM for Aβ.
MeHg, IHg , and RTN (100 nM) did not affect cell viability within 1 day after exposure, whereas 10 µM Aβ decreased cell viability significantly within 1 day after exposure.
MeHg, ΙHg , and RTN (1 µM) reduced cell viability within 1 day. Cell viability was decreased by >50% after exposure to 1 µΜ MeHg, whereas a decrease of 30% was observed from exposure to 1 µΜ ΙHg or RTN. Surprisingly, Pb had no effect on cell viability, even when used at a concentration of 10 µM.
Induction of apoptotic cell death in cultured cerebrocortical neurons
In order to clarify the mechanism of cell damage by exposure to these 5 toxicants,
we performed an in situ DNA fragmentation analysis of fixed cells (TUNEL assay). The TUNEL assay revealed the presence of numerous TUNEL-positive apoptotic nuclei among the cells treated with MeHg, IHg, Aβ, and RTN compared to untreated control cells. The effects of 1 µM MeHg, IHg, or RTN, or 10 µM Aβ, was observed 1 day after exposure, whereas the effect of 100 nM MeHg, IHg, and RTN was observed only 3 days after the exposure. Interestingly, apoptosis was not significantly increased in 10 µM Pb-treated cells, compared to the untreated control cells (Fig. 2a) . Quantitative analysis revealed a significant increase in the number of TUNEL-positive neurons exposed to MeHg, IHg, RTN, and Aβ in the described conditions (Fig. 2b) . These results confirm that cell damage by exposure to MeHg, IHg, RTN, or Aβ, in the described conditions, involves an apoptotic process.
Effect of toxicants on neuritic degeneration
Next we investigated neuritic degeneration following exposure to 5 toxicants. We employed anti-tau and anti-MAP2 antibodies as indicators of axons and dendrites, respectively. To analyze the effects of 5 toxicants on neuritic degeneration quantitatively, we performed ELISA assays for tau and MAP2 proteins. We analyzed expression of tau and MAP2 at the concentration of EC30 for MeHg, IHg, RTN and Aβ. For Pb the concentration of 10 µM was adopted. As shown in Fig. 3 , expression of tau protein was significantly decreased 1 day after exposure to 100 nM MeHg, IHg, or RTN earlier than neuronal cell death (Fig. 1) , while MAP2 protein levels were normal. In contrast, the expression of both tau and MAP2 were decreased by exposure to 10 µM Aβ for 1 day.
Interestingly, the expression of both tau and MAP2 decreased 3 days after exposure to 10 µM Pb, despite no detection of cell death (Fig. 1) .
Western blotting and immunoprecipitation analyses of Rho family proteins
Rho protein families are related to apoptotic processes through their promotion of neuritic extension or retraction. Thus, we examined the expression of 3 types of Rho family proteins, including RhoA and Cdc42 for neuritic retraction, and Rac1 for neuritic extension, 1 day after exposure to 5 toxicants. Western blot data (Fig. 4a) were analyzed quantitatively (Fig. 4b) . The results revealed that the expression of Rac1 was decreased by exposure to 100 nM MeHg, IHg, or RTN, while neither Cdc42 nor RhoA expression was affected. The expression of Cdc42 was suppressed by 1 µM MeHg, IHg, or RTN, and the expression of Rho A was suppressed by 1 µM MeHg. On the other hand, Pb and Aβ showed no effect on the expression of these 3 Rho proteins. The results indicate that MeHg, IHg, and RTN suppress the expression of Rac1 during the early stage of their cytotoxicity, resulting in disruption of neuritic extension, and ultimately the induction of apoptosis.
It has been reported that RTN activates RhoA protein (Sanchez et al., 2008) . In order to confirm this result, we carried out a GTP-specific immunoprecipitation analysis for GTP-bound RhoA 1 day after treatment with MeHg, IHg, or RTN (Fig. 5a ). Quantitative analysis of the immunoprecipitates demonstrated that GTP-bound RhoA was not increased by the treatment with MeHg, IHg, or RTN (Fig. 5b) . The results confirm that the RhoA protein is not activated by these 3 toxicants.
Effects of a ROCK inhibitor on neuronal degeneration induced by treatment with 5 toxicants
Since the effects of MeHg, IHg, and RTN on the expression of Rho family proteins indicated damage to neuritic extension, we investigated whether the suppression of neuritic retraction rescues axonal degeneration. To do this, we employed a ROCK inhibitor, Y-27632, because ROCK is an effector of RhoA that is associated with neuritic retraction. We examined the effect of Y-27632 on cell viability and axonal degeneration induced by treatment with 5 toxicants for 3 days. At a concentration of 10 µM, Y-27632 significantly protected against cell death (Fig. 6a ) and axonal degeneration ( Fig. 6b) induced by MeHg, IHg, or RTN. However, treatment with Y-27632 did not affect cell viability after exposure to 10 µM Aβ, or axonal degeneration by exposure to 10 µM Aβ or Pb. In addition, the neurotoxicity induced by a higher concentration of MeHg (1 µM) was not rescued by treatment with a ROCK inhibitor (Fig. 6) , which may be due to a decrease in RhoA protein (Fig. 4) or another factor.
Effects of Rho protein-targeted siRNA on neuronal degeneration of cultured cortical neurons
In order to confirm the role of Rho family proteins, we performed siRNA-mediated knockdown of Rac1 or RhoA, and examined cortical neuronal cell death and axonal degeneration. As shown in Fig. 7a , the transfection of synthetic siRNA targeting Rac1 or RhoA into cortical neuronal cells, reduced the expression of each protein to ~30% of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 expression of NS-siRNA-treated cells (Fig. 7a) . The Rac1-targeted cortical neuronal cells demonstrated a significant suppression of cell viability (Fig. 7b, left) , and a significant decrease in tau-positive neuritis (Fig. 7b, right) compared to NS-transfected cells. In contrast, RhoA-targeted cells did not exhibit these changes. These results suggest that cell death and axonal degeneration of cerebrocortical cultured neurons are mediated by the decrease of Rac1 expression.
The role of RhoA in protection against 100 nM MeHg-and IHg-induced neurotoxicity was confirmed using RhoA-targeted siRNA cells. As shown in Fig. 7c , decrease of RhoA protein levels protected against the neurotoxicity of 100 nM MeHg or IHg. At a higher concentration (1 µM), however, reduction of RhoA was protective against only IHg neurotoxicity, suggesting that 1 µM MeHg neurotoxicity involves an additional toxic mechanism indepent of Rho family proteins.
Discussion
In our previous study (Fujimura et al., 2009a) , we uncovered a new finding on the role of a Rho family protein responsible for MeHg-induced neurotoxicity that a low concentration (100 nM) of MeHg induces axonal degeneration followed by neuronal cell death through the specific suppression of Rac1. In the present study, we demonstrated that the same molecular mechanism underlies the process of neuronal cell death in both IHg-and RTN-induced neurotoxicity in cultured cerebrocortical neurons.
Additionally, we confirmed the critical role of Rac1 in axonal degeneration and neuronal cell death using cerebrocortical neuronal cells by siRNA study. By contrast, Rac1 was not contributed to the neuronal cell damage induced by Aβ and Pb. These facts are important to protect neuronal cells against damage induced by these 5 toxicants.
It has been reported that increased RhoA activity, in addition to decreased Cdc42 and Rac1 activities, was observed in RTN-induced suppression of axonal formation in primary cultures of hippocampal and dopaminergic neurons (Sanchez et al., 2008) . In the present study, however, RTN selectively suppressed only Rac1 expression, without change in the expression of GTP-bound RhoA in cultured cerebrocortical neurons (Fig.   5 ). This difference in the action of RTN on RhoA between our study and theirs may be (Figs. 6, 7 ). The results indicate that 100 nM MeHg, IHg, and RTN have a common mechanism of neurotoxicity conferred through the imbalance of neuritic extension and retraction, caused by the suppression of Rac1 under toxicant exposure, and leading to axonal degeneration and cell death in cerebrocortical neurons.
In contrast to the 3 toxicants above, neither Aβ-nor Pb-induced neuritic degeneration was related to changes in Rho family proteins expression. These 2 toxicants caused neurotoxicity through different pathological conditions in cerebrocortical neurons. Neuritic degeneration induced by exposure to 10 µM Pb for 3 days was not associated with neuronal cell death, whereas Aβ (10 µM) caused apoptotic cell death, with degeneration of axon and dendrites, within 1 day after exposure (Figs.
1−3). Previous studies have reported that Pb exposure induces impairment of neuritic
development with neuritic beading, in cultured neurons from the central nervous system (Kern and Audesirk, 1995; Jones et al., 2008) . Pb might directly affect only neurites, and induce both axonal and dendritic degenerations without induction of neuronal cell death. On the other hand, it has been demonstrated that the apoptotic insults caused neuritic degeneration following Aβ exposure in cultured neurons (Ivins et al., 1998) .
Neuritic degeneration by Aβ exposure may be a secondary retraction triggered by neuronal cell death (Sterman, 1982) .
Although MeHg, IHg, and RTN exhibited similar toxicity on cerebrocortical neuronal cells at a lower concentration (100 nM), their toxicity was different at a higher concentration (1 µM). A higher concentration (1 µM) of MeHg, IHg and RTN induced neuronal cell death 1 day after the exposure. Additional neuronal cell death was observed 3 day after exposure to 1 µM MeHg, while cell death increment was small by exposure to IHg and RTN (Fig. 1) . TUNNEL study demonstrated that additional cell death 3 days after exposure to 1 µM MeHg was not apoptosis (Fig. 2) . IHg and RTN acted through the suppression of Rac1 expression at both 100 nM and 1 µM concentrations. In contrast, increased toxicity of MeHg at higher concentrations was not 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 associated with the expression of Rho family proteins. Neither a ROCK inhibitor, nor siRNA targeting RhoA, protected cultured neuronal cells against 1 µM MeHg-induced neurotoxicity (Fig. 6, 7) , indicating that expression of Rho proteins did not contribute to MeHg-induced neuronal cell death at higher concentration. There have been some reports on the possible factors that lead to neuronal death in cases of high concentration (over 1 µM) of MeHg exposure for 1 or 2 days. These factors include inhibition of the microtubule assembly (Miura et al., 1984; Castoldi et al., 2000) , variations in the intracellular Ca 2+ concentration (Limke et al., 2004) , and an increase in the production of reactive oxygen species (Sarafian, 1993; Shanker et al., 2004) . The finding that the ratio of apoptotic cell death did not increase on exposure to 1 µM MeHg, suggests that necrotic processes may be additionally relevant, as previously reported in an in vivo study (Fujimura et al., 2009b ).
In conclusion, differing mechanisms of neurotoxicity on cerebrocortical neuronal cells were shown among MeHg, IHg, Aβ, Pb, and RTN. MeHg (100 nM), IHg, and RTN had a common toxicity mechanism involving an imbalance of neuritic extension and retraction through the suppression of Rac1. In contrast, other toxicity mechanisms contribute to the neurotoxicity of MeHg at a higher concentration, as well as Pb, and
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